We study the conformal bootstrap for 3D Quantum Electrodynamic (QED3) coupled to N f flavors of two-component Dirac fermions Ψi. We bootstrap four point correlator of fermion bilinear operator, which forms an adjoint representation of the flavor symmetry SU (N f ). We obtain rigorous upper bounds on the scaling dimensions of the parity even SU (N f ) singlets, i.e., the fermion quadrilinear operators. We find strong evidence that the IR fixed points of standard QED3 and QED3-Gross-Neveu model saturate the bound with large N f . The two kinks merge near N f = 3 and disappear for N f ≤ 2. The SU (N f ) singlets related to these kinks are irrelevant. Our results support the "merger and annihilation of fixed points" scenario. Besides, it provides a solution to the long-standing problem of the critical flavor symmetry of QED3: Ncrit = 2. Our results shed lights on several interesting problems, including high-temperature superconducting, Néel-Valence Bond Solid quantum phase transition and the duality web of 3D theories.
I. INTRODUCTION
The three-dimensional Quantum Electrodynamics (QED 3 ) shows various kinds of interesting properties and has drawn a lot of attentions in the past 30 years. In the long distance limit QED 3 becomes strongly coupled and several profound phenomena like confinement and chiral symmetry breaking that are rather intricate in 4D could happen in this simple laboratory. The number of two-component Dirac fermion flavors N f is a crucial parameter in determining the infrared (IR) phase of QED 3 . The pure U (1) gauge theory (N f = 0) confines [1, 2] . For very large N f , the screening from fermionic fluctuations plays a dominating role in the long distance limit and QED 3 stays in disordered massless phase with an interacting stable IR fixed point [3] . For small N f , the IR dynamics of the theory is quite subtle. It is believed that the mass of fermions that is parity invariant could be generated dynamically and trigger the spontaneously chiral symmetry breaking [4, 5] 1 . Following the developments in recent years, there is a promising picture for the QED 3 phases: as N f gets smaller one of the fermion quadrilinear operators invariant under parity and SU (N f ) symmetry becomes slightly irrelevant, which leads to an extra fixed point QED * 3 , i.e., QED 3 -Gross-Neveu (QED 3 -GN) model [9, 10] . The two fixed points merge together at N crit and for N f < N crit the fixed points become complex [6] [7] [8] [9] [10] . The fermion quadrilinear operator turns into relevant and trigger RG flow to a new IR phase with symmetry breaking. If N f just slightly below N crit , the RG flow nearby the complex fixed points shows walking behavior [11, 12] . * lizhijin18@gmail.com 1 A chiral invariant but parity violating fermion mass could be generated dynamically as well, however, it costs more energy comparing with the parity invariant one so is less favored [5] .
One of the most fundamental questions for QED 3 is the critical flavor number N crit which separates the chiral symmetry breaking phase (N ≤ N crit ) from the conformal phase (N > N crit ). The value of N crit has been estimated by a variety of approaches [7-9, 16, 17] . More results on the estimation of N crit are summarized in the Table 5 of [18] . The estimates are distributed in the range from 1 to 10. Besides the predominately theoretical significance, the exact value of N crit is also crucial for its applications in condensed matter physics. For instance, QED 3 coupled with N f = 4 (or 2 for four-components Dirac fermions) has been applied to high-temperature cuprate superconductors, see e.g. [19] [20] [21] . The superconducting phase in the cuprate compounds depends on the value of the critical flavor number N crit in QED 3 .
QED 3 with N f = 2 also appears in the deconfined quantum phase transition [22, 23] in a surprising way. The effective theory of the phase transition is formulated in terms of "deconfined" fractionalized degree of freedom while on either side of the phase transition, there are only conventional "confined" order parameters. It leads to the discovery of a remarkable web of dualities in 3D [10, [13] [14] [15] . A paradigmatic example is the phase transition between Néel and Valence Bond Solid (VBS) phases of quantum antiferromagnets on the 2D square lattice. In the continuum limit, the Néel-VBS phase transition is described by the non-compact CP 1 (NCCP 1 ) model with O(2) × O(2) (easy plan model) or SO(3) × U (1) (fully SU (2) spin symmetric model) global symmetry. The easy plan NCCP 1 model has a dual description in terms of QED 3 with SU (2) flavor symmetry, and this theory is further conjectured to be self-dual which leads to O(4) symmetry enhancement at the IR fixed point. Similarly, the NCCP 1 model with SU (2) flavor symmetry is dual to the QED 3 -GN model, which is also expected to be selfdual and its IR fixed point has enlarged SO(5) symmetry. These dualities are part of the web of dualities in 3D, see [47] for a review.
The conceptual arguments for the symmetry enhancements and dualities are mainly based on the kinematical properties of the theories, including the local operators, global symmetries and the anomalies. A nonperturbative approach is needed to capture the dynamical information of the theories and determine if the phase transition is second order or weakly first order. The easyplan and SU (2) symmetric models of the Néel-VBS transition have been extensively studied using lattice simulations, e.g. [25] [26] [27] [28] [29] [30] . Evidence for the symmetry enhancement has been shown by comparing the anomalous dimensions of the Néel order parameter and the monopole operator. Conformal bootstrap [31] can provide a consistency check for the lattice data of the presumed second order phase transition. The results are reviewed in the [32] and it shows that in the scenario with O(4) or SO(5) symmetry enhancement, the lattice data is not consistent with a second order phase transition. For the SO(5) lattice data with likely scale invariance, a promising explanation is that the IR fixed point becomes complex, the real nearby RG flow shows walking behavior [11, 12] . In this case a critical flavor number N f slightly above 2 is favored.
In this work, we initiate the conformal bootstrap study for QED 3 with emphasis on the four point correlator of the gauge invariant fermion bilinear operator. This operator sits in the adjoint representation of the flavor symmetry SU (N f ). As one of the simplest gauge invariant operators in QED 3 , it is a natural candidate for bootstrap study. Actually a primary study on the SU (N ) adjoint operators in various dimensions have been done in [43] . However, one cannot distinguish the QED 3 fermion bilinear operators from those of QCD 3 . In principle even the SU (N ) adjoint scalar bilinears from scalar QED 3 are indistinguishable from the fermion bilinear operators in the bootstrap setup. This problem can be resolved from the CFT data with large N f , for which both bootstrap and perturbative results are available. In QED 3 , anomalous dimensions of the fermion bilinear and quadrilinear operators have been computed in terms of 1/N f expansion [6, 24, [44] [45] [46] . Therefore we can uniquely determine the putative CFTs by comparing the CFT data with large N f expansions. An alternative bootstrap approach for QED 3 is to study the correlators of monopole operators [33, 34] . The monopole operators appear in the theories with compact U (1) gauge symmetry and construct various repre-
We start from the non-Wilson-Fisher O(N ) fixed point that correspond to the phase transitions beyond LandauGinzburg-Wilson paradigm. We find a family of sharp kinks with large anomalous dimensions for N ≥ 7. The presumed CFTs with O(4)/SO(5) symmetry are below the conformal window. According to previous bootstrap results [32] , these kinks usually suggest full-fledged CFTs. Surprisingly these kinks also show up in the bounds obtained by bootstrapping four point correlator of SU (N ′ ) adjoint operators. We show scaling dimensions of the SU (N f ) adjoint operators related to these kinks coincide with the large N f predictions of QED 3 (QED 3 -GN model). The critical flavor number N crit is determined from the conformal bounds with small N f .
II. PHASE TRANSITION BEYOND LANDAU-GINZBURG-WILSON PARADIGM
The Néel-VBS phase transition in quantum antiferromagnets on the 2D square lattice provides a classical example for the deconfined quantum critical point [22, 23] . The phase transition is "deconfined" in the sense that its effective theory description is formulated in terms of fractionalized spinon degrees of freedoms coupled to a non-compact U (1) gauge field: the NCCP 1 model. While on either side of the transition, both the spinon and the gauge field are confined [22, 23] . The Néel and VBS phases break two distinct symmetries and a direct Néel-VBS phase transition seems to be forbidden by the Landau-Ginzburg-Wilson (LGW) paradigm. However, the topological defect of the Néel (VBS) order parameter carries non-trivial quantum numbers under the symmetries of VBS (Néel) phase, and the two phases with distinct symmetries correspond to condensations of the order parameter or topological defects. Therefore a direct continuous phase transition is possible due to contributions of the topological defects.
A web of duality follows the effective theory descriptions of this novel phase transition: the easy plan NCCP 1 model is expected to be self-dual due to the particlevortex duality; from boson-fermion duality, the easy plan NCCP 1 model has an equivalent description in terms of fermions, the QED 3 with N f = 2, which is also selfdual due to the fermionic particle-vortex duality. Similar duality relations hold for the SU (2) symmetric NCCP 1 model, in which the fermionic dual theory is given by N f = 2 QED 3 coupled to a critical real scalar field through a Yukawa coupling [10] . Self-duality of the easy plan (SU (2) symmetric) NCCP 1 model suggests an O(4) (SO(5)) symmetry enhancement at its IR fixed point. If the phase transitions are of second order, then it requires unitary CFTs with O(4) and SO(4) symmetries which are significantly different from Wilson-Fisher fixed points. In particular the O(4) and SO(5) vectors should have large anomalous dimensions since part of their components, the Néel order parameters are formulated from confined spinons.
It is generically believed that the easy plan model does not lead to second order phase transition. For the SU (2) symmetric model, there is evidence on the SO(5) symmetry enhancement, however, the anomalous dimensions estimated from these work does not consistent with the bootstrap results, for a review, see [32] . A more promising explanation on current results is that this model gives weakly first order phase transition. 2 from continuation of the kinks with larger N . The continuation also suggests the O(5) (or SO (5) 3 ) singlet, if exists, is relevant. Irrelevance of O(N ) singlet is necessary in the symmetry enhancement scenario. For instance in the SU (2) symmetric NCCP 1 model, the SO(5) singlet has to be irrelevant otherwise the presumed IR fixed point is not stable under the perturbation of this operator [10] . Thereby the relevance of O(5) singlet is consistent with the smooth bound.
2 Λ is the number of maximum derivatives in the linear functional applied on the crossing equation [49] . This parameter determines the numerical precision of the CFT data obtained from bootstrap program. Considering the large N f behavior of these kinks, it is natural to interpret these kinks in terms of SU (N f ) adjoint fermion bilinears. Besides, the kinks reaches the large N f limit ∆ Adj = 2 from below, therefore they are not the fermion bilinears in Gross-Neveu (GN) model [45, 46] . The remaining candidates are the 3D gauged fermionic theories, for instances QED 3 and QCD 3 . We will show that the large N f data fits with QED 3 predictions, in consequence the putative CFTs shown in the adjoint SU (N f ) bootstrap results could be identified as QED 3 fixed points. So far as we know the IR phases of QCD 3 is not clear yet. Our results suggest that if the QCD 3 with certain flavor N f admit IR fixed point, the critical indices are either in the same universality classes, or below the bounds of QED 3 with the same flavor number N f . It would be very interesting to check this conjecture independently.
In the large N f limit, the QED 3 and QED 3 -GN model can be solved perturbatively. The Euclidean spacetime Lagrangian for QED 3 -GN model in terms of the twocomponent Dirac fermion Ψ i is
where we have omitted the kinetic term and quartic interaction of the critical boson Φ. Turning g = 0 we go back to the standard fermionic QED 3 . The fundamental gauge invariant operators are the fermion bilinears
are parity odd and transform as SU (N ) singlet and adjoint, respectively. In this work we focus on the SU (N f ) adjoint operator only and its anomalous dimension has been estimated using large N expansion in several work [6, 24, [44] [45] [46] . For the standard QED 3 , the scaling dimension of O 1 up to order 1/N 2 f is:
In QED 3 -GN model, above result acquires corrections from the Yukawa coupling:
In the OPE O 1 × O 1 , the lowest dimension SU (N f ) invariant operators with even parity are the fermion quadrilinear operators. The fermion bilinear singlet O 0 is parity odd so cannot appear in this OPE. There are two linearly independent fermion quadrilinears of this type:
2 , which are mixed with each other through quantum loop corrections [6] . Similar operator mixture can be obtained between (Ψ i Ψ i ) 2 the kinetic term of the U (1) gauge field F µν F µν [24] . In QED 3 , the scaling dimensions of these operators up to the order 1 N f are:
According to our knowledge, there is no such result available for QED 3 -GN model. Result in (4) is expected to be slightly modified for this model.
In FIG. 2 we show the bounds on the scaling dimensions of SU (N f ) singlets with N f = 15, 20. The bounds have two adjacent kinks. Remarkably scaling dimensions of the SU (N f ) adjoint operators related to these kinks are close to the scaling dimensions given in (2) and (3), respectively. By increasing Λ the bound shrinks notably. Nevertheless, scaling dimensions of the SU (N f ) adjoint operators are quite stable, which is crucial otherwise we have no evidence on the possible Lagrangian formulations of these kinks. With Λ = 27, N f = 15, the second In contrast to the scaling dimension ∆ 1 , the scaling dimension of the SU (N f ) singlet ∆ S converges rather slow. For the second kink with N f = 15 which is more easier to be identified from the bound, the scaling dimension reduces from ∆ S ∼ 11.8 at Λ = 21 to ∆ S ∼ 10.2 at Λ = 27. The extrapolation based on current data gives ∆ S ∼ 4.7 at Λ = ∞. This is apparently far from a solid conclusion on the scaling dimension of the parity even SU (N f ) singlet. The main point of this extrapolation is that the large Λ limit of the bound on scaling dimension ∆ S is likely to be just in the range predicted from large N estimates.
B. Evidence of two adjacent kinks with small N f
We have shown evidence of two nearby kinks in the bound of SU (N f ) singlets with large N f , which are consistent with the predictions from standard QED 3 and QED 3 -GN model. These two fixed points is conjectured to be merged near the critical flavor symmetry N crit , below which QED 3 presumably runs into the IR phase with chiral symmetry breaking. Here we check this picture non-perturbatively using conformal bootstrap.
Bounds on the scaling dimensions of SU (N f ) singlet with N f = 4 are presented in FIG. 3 . The bound shows two adjacent while distinct kinks. The difference between ∆ 1 s of the two kinks is rather small: δ∆ 1 ∼ 0.01 with Λ = 25. In contrast, in the bound of N f = 3 (the same as the bound for O (8) in FIG. 1) , only one significant kink appears. It is possible that the two kinks still remain for N f = 3 while are too close with each other to be distinguished at the current numerical precision. The kink totally disappears for N f = 2 (not shown in the graph). Above bootstrap results lead to the conclusion that QED 3 and QED 3 -GN model merge with each other near N f = 3 and the critical flavor number of the twocomponent Dirac fermions is N crit = 2. The kinks relate to irrelevant SU ( f ) singlets. These results are comfortably consistent with the scenario dubbed "merger and annihilation of fixed points" in [9] .
The critical flavor number of fermions in QED 3 plays an important role in several condensed matter physical systems and it has been estimated in a variety of previous work. The IR fixed point of QED 3 turns into unstable once a parity even and SU (N f ) invariant operator, the fermion quadrilinear becomes relevant. In [8] it has been shown from ǫ expansion that the fermion quadrilinears remain irrelevant unless N f ≤ 4, which suggests N crit ≤ 4. While in [24] , the authors noticed that from the large N f expansion at the order 1 N f (4), the parityeven SU (N f ) singlets are irrelevant for any N > 1 which suggests N crit = 1. These predictions are close while slightly different from our result.
IV. CONCLUSIONS AND PROSPECTS
In this work we have presented strong evidence that the QED 3 IR fixed points saturate the bound on the scaling dimension of SU (N f ) singlet. This suggests conformal bootstrap can be used to solve QED 3 IR fixed points, as has been done for the 3D Ising model [39, 50, 51] . Sharp kinks appear in the bounds with N f ≥ 3. In the large N f limit, the kinks coincides with the prediction from standard QED 3 and QED 3 -GN model on the scaling dimension of SU (N f ) adjoint operator. The bound on the scaling dimension of SU (N f ) singlet converges quite slow. However, its large Λ limit from extrapolation is found to be in the range of fermion quadrilinear operator in QED 3 . For small N f = 4, the bound shows two adjacent kinks. The two kinks merge or get extremely close with each other at N f = 3. The kinks relate to irrelevant SU (N f ) singlets. There is no similar kink for N f = 2. Evolution of these kinks supports the "merger and annihilation of fixed points" scenario. The critical flavor number of two-component Dirac fermion for QED 3 is N f = 2. This critical flavor number has significant consequences in certain condensed matter systems.
There are several interesting problems can be studied accordingly. We are particularly interested in the following questions which we leave for future study: a, Mixed correlator bootstrap of SU (N f ) singlet and adjoint operators. The QED 3 CFT data with high precision could be obtained from mixed correlator bootstrap, which is of great importance for its applications in condensed matter systems. Besides, it would be very interesting to isolate the two nearby CFTs from each other. Since there is an extra critical boson in QED 3 -GN model, this difference could be captured by bootstrapping the mixed correlators with SU (N f ) singlet and adjoint operators. The mixed correlator bootstrap may also be helpful to solve the slow convergence problem for the scaling dimensions of SU (N f ) singlets.
b, Supersymmetric generalizations of this work. Due to supersymmetry, we expects there should be a lower conformal window for the IR fixed point. The easyplan and SU (2) symmetric NCCP 1 models with O(4) and SO(5) symmetry enhancements are unfortunately below the conformal window. With supersymmetry it is more promising to obtain unitary CFTs with similar symmetry enhancement and duality web. Bootstrap provides a non-perturbative approach to test these absorbing ideas.
c, Conformal window of 4D QCD. QED 3 and QCD 4 are the two major targets of the so-called "CFT genome project" [52] . The QED 3 IR fixed points show up in the O(N ) vector bootstrap as non-Wilson-Fisher fixed point. Actually we have already obtained similar kinks in 4D O(N ) vector bootstrap with a higher conformal window. And these kinks are expected to corresponding to full-fledged CFTs. There is no 4D candidate for interacting non-supersymmetric CFTs without gauge interaction. Besides, it is well-known that the QED 4 does not admit IR fixed point. Therefore the natural candidates for these kinks are the IR fixed points of QCD 4 , the Banks-Zaks fixed points. The approach presented in this work is expected to shed light on this mysterious problem.
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